Using the light-front holographic model, we study the transverse momentum dependent parton distributions (TMDs) for the case of pion. At leading twist, the unpolarized parton distribution function f 1π (x, k 2 ⊥ ) and the Boer-Mulders function h ⊥ 1π (x, k 2 ⊥ ) are obtained for pion. We calculate both the functions using the light-front holographic model with spin improved wave function and compare the predicted results with available results of other models. In order to provide inputs in predicting future experimental data, a LO evolution is performed from model scale to experimental scale for the case of unpolarized parton distribution function f 1π (x, k 2 ⊥ ).
I. INTRODUCTION
Understanding the hadronic structure in terms of its constituents has become the major goal of high energy physics during the last few decades. A lot of experimental as well as theoretical efforts are continuously being made to explore the three-dimensional (3D) picture of hadrons in configuration and momentum space. A one-dimensional picture of hadron is provided by the parton distribution functions (PDFs) which describe the probability of finding a parton (quark or gluon) with longitudinal momentum fraction inside the hadron in forward scattering region. By extending the PDFs from forward scattering region to off-forward scattering region, one can obtain the generalized parton distributions (GPDs). The GPDs not only provide the information about the longitudinal momentum fraction of parton but also give the longitudinal momentum transfer between the initial and final state of hadron [1] . The various scattering process like deep virtual Compton scattering (DVCS), deep virtual meson production (DVMP) provide detailed information on the GPDs [2] [3] [4] [5] [6] [7] [8] [9] . Further, the study of transverse momentum dependent parton distribution function (TMDs) provide the 3D picture of the hadrons and related information about the correlation between the spin of parent hadron and the intrinsic transverse momentum of its constituent partons [10] [11] [12] [13] [14] . In recent years, several experiments have been running and are being planned for future to gather such information.
The TMDs of hadrons can be measured experimentally in semi-inclusive deep inelastic scattering (SIDIS) [14, 15] and Drell-Yan (DY) processes [16] [17] [18] [19] [20] . TMDs allow us to access the partonic configuration of hadrons with longitudinal momentum fraction x and transverse momentum k ⊥ . Apart from x and k ⊥ , TMDs also depend on the Wilson line (gauge link). The presence of Wilson line in TMD correlator is necessary to attain color gauge invariance and to obtain non-zero T-odd TMDs (Sivers and Boer-Mulders functions). Wilson lines are process dependent so their presence in TMD correlator makes T-odd TMDs process dependent. In the case of SIDIS process final state interaction (FSI) and in the case of DY process the initial state interaction between struck quark and spectator via one gluon exchange are necessary for obtaining non-vanishing T-odd TMDs [22] [23] [24] [25] [26] [27] .
Pion being the simplest QCD bound state of quark and antiquark among the hadrons, has attracted lot of attention and also they have the advantage of being probed experimentally. In DY process, the structure of pion can be probed by hitting them on nuclear target [28] [29] [30] [31] . In past years, lot of theoretical work has been done to explore the pion structure including the studies on pion PDFs in the light-front constituent model, chiral constituent quark model [32] [33] [34] , Nambu-Jone-Lasino model and using DysonâĂŞSchwinger equation [35, 36] and Bethe-Salpeter wave functions. GPDs of pion have also been studied extensively in various other models [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . Recently pion TMDs have been calculated in light-front constituent approach [47, 48] , spectator model [49] [50] [51] , in NJL model [53] and in AdS/QCD approach [54, 55] .
To study 3D structure of hadrons theoretically, hadronic wave functions in terms of quark and gluons degree of freedom are important. There have been several attempts in different models to obtain the hadronic wave function, the most recent being the AdS/QCD correspondence in light-front formalism. By holographic mapping between the Hamiltonian formulation for quantized QCD and specific properties for hadron in five-dimensional AdS-space one can obtain the hadronic wave function in light-front holographic model. The solution of the holographic Schrödinger equation for meson within the semiclassical approximation of light-front QCD yields the valence meson wave function for massless quarks [56] [57] [58] [59] . For non-vanishing quark masses, there is a need to go beyond the semiclassical approximation [60] . This has been done by including a perturbation mass term to the effective potential of the holographic Schrödinger equation [61] [62] [63] [64] . Within the semiclassical approximation of light-front QCD, the dynamical spin effects are usually neglected. For pion, such effects have been taken into account in recent work [65, 66] .
In order to study the spin structure of pion, we have used the holographic light-front wave function with dynamical spin from the light-front holographic model [66] which includes the higher helicity (parallel spin of partons) components besides the usual lower helicity (anti-parallel spin of partons) components. The higher helicity components may have the possibility to provide non-leading contribution in the light-front wave-function.
The main motivation to choose this model is the presence of spin wave function in holographic light-front wave-functions which is not usually present in the original AdS/QCD model but is necessary to obtain the Boer-Mulders function of pion. This model gives a simultaneous successful description of wide range of experiment data including the decay constant, the charge radius and EM form factor of pion [66] .
In the present work, we predict the results for pion TMDs in light-front holographic with spin-improved wave function. At leading twist, the pion transverse dependent quarkquark correlator consists of two TMDs, the unpolarized parton distribution function
has been obtained from the lowest order correlation function. We have compared our result with the previous results from light-front constituent model [47] and soft wall AdS/QCD [55] .
To obtain the function h . We show how it evolves from initial model scale to higher energy scale using the evolution equation.
The outline of this paper is as follows. In Section II, we discuss the light-front amplitudes in terms of pion light-front wave functions(LFWFs) with different orbital angular momentum components. In Section III, the unpolarized parton distribution function of pion is predicted at model scale. The Boer-Mulders function of pion is given in Section IV. In Section V we discuss the TMD evolution of the unpolarized parton distribution function. We summarize and conclude our results in Section VI.
II. LIGHT-FRONT AMPLITUDES OF THE PION IN LIGHT-FRONT HOLO-GRAPHIC MODEL
For the description of a hadron in the light-front dynamics, the classification of independent wave-function amplitudes with a particular parton combination is necessary.
With the information about the parton content of a hadron, one can obtain the light-front amplitudes for a hadron. The light-front amplitudes of a pion with helicity Λ can be written in terms of total parton helicity λ and total orbital angular momentum of partons L z . With the lowest quark-antiquark Fock state component, the total parton helicity of pion can be either 0 or 1. Correspondingly, according to law of conservation of angular momentum, Λ = λ + L z . Therefore, two light-front wave function amplitudes with total quark orbital momentum L z = 0 and | L z |= 1 exist for a pion with valence |qq Fock state. The light-front wave function for the quark-antiquark Fock state of a positively charged pion with momentum P can be written as the superposition of these light-front amplitudes as follows
where 1 = (x, k ⊥ ) and 2 = ((1 − x), −k ⊥ ) are the coordinates of quark and antiquark respectively. Here
π (x, k ⊥ ) are the pion LFWFs for total quark orbital momentum L z = 0 and | L z |= 1 respectively. The creation (annihilation) operators of u-quark andd-quark with color a are b †a
The pion state with leading |qq Fock state component can also be written as [67] |π
where x i and k i⊥ are the longitudinal momentum fraction and transverse momentum of constituents (quark and antiquark) of pion, respectively. The LFWF Ψ Lz π (x i , k i⊥ ; λ i ) in Eq. (2) can be constructed as the product of a momentum-dependent wave function and a spin-dependent wave function. We have
For the momentum-dependent part of wave function, we choose the light front holographic wave function of meson as
Here N 0 is the normalization constant, κ is the scale parameter and m is the quark mass.
The spin dependent part of wave function is defined as
Here A and B are constants whose values are constrained by the decay constant and charged radii of pion. In the present work we use A = 1 and B = 1 following Ref.
[65] as the results of decay constant and radius of charged pion obtained in this case are comparable with experimental results.
The spin wave function with different helicities of quark and antiquark can be expressed as
where M π is the mass of pion. Using the above expressions in Eq. (2) and comparing it with Eq. (1), the LFWFs for pion state can be mapped out into different angularmomentum components as follows
III. TRANSVERSE MOMENTUM DEPENDENT PARTON DISTRIBUTION FUNCTIONS (TMDS) OF PION
The quark transverse momentum distributions (TMDs) can be obtained by using quark-quark correlator for SIDIS [21, 68, 69 ]
where Γ is the Dirac operator, k is the momentum of the struck quark inside the pion of momentum P and x = p + /P + is the longitudinal momentum fraction carried by struck quark. Here W is the gauge link operator or Wilson line which makes the correlation function gauge-invariant. Wilson line connects the two quark fields ψ at different points 0 and y and is defined as
where A µ represents the gauge field.
At leading twist, the transverse structure of pion is described by two TMDs: the unpolarized parton distribution function f 
A. Unpolarised parton distribution function of pion
The unpolarized distribution function f q 1π (x, k 2 ⊥ ) describes the probability of finding a quark with longitudinal momentum fraction x and transverse momentum k ⊥ inside an unpolarized pion. One can obtain f q 1π (x, k 2 ⊥ ) from the lowest order correlation function [70] (without Wilson line) and we have (7) as
On solving analytically, we have the unpolarized parton distribution function of pion as
After integration over k ⊥ , the unpolarized distribution function f 
It would be important to mention here that, in this model, the distribution f 
Using the above input parameters and to obtain the complete picture of distribution inside the pion, in Fig. 1 , we present the 3D plot of unpolarized TMD of pion f Fig. 2 (b) . In both the cases we have also presented the available results from other models. We have compared our results with light-front constituent model (LFCM) [47] and soft wall AdS/QCD model [55] . In general, we observe that the overall behavior for the distribution function in the present model and other models is similar.
The amplitudes of different model results are however different. This may be due to different model assumptions and parameters used in the models. The peak of distribution in our model occurs around x = 0.6. The width of distribution peak is narrower in our model as compared to distribution in LFCM and soft wall AdS/QCD model. The width of the peak depends on the square of transverse momentum as discussed in Fig. 1 . To elaborate this, from Fig. 2 (b) , we observe that at smaller values of k 2 ⊥ , the amplitudes of the distribution in different models are different but as the value of k 2 ⊥ increases, the amplitude merges. This implies that when the transverse momentum carried by the quarks is large, the distribution is model independent. (8) and (10) as
where M π is the mass of the pion. The gauge link is expanded upto the next-to-leading order to take into account the contribution from the one-gluon exchange between the struck quark and antiquark. Consequently, one unit of orbital angular momentum transfer occurs which is compensated by the helicity flip of quark from the initial to final state of pion [22, 24, 47, 67] .
After solving the above correlator, we have obtained the following form of Boer-Mulders
where
By inserting the LFWF from Eq. (7) above equation, the following analytic expression for h
Here g is the parameter related to the coupling constant as g 2 = 4πα s (µ 0 ). We have obtained the result for Boer-Mulders function h
The model calculation is constrained by the model-independent positivity relation of unpolarized TMD and Boer-Mulders function is defined as
We have presented the 3D plot of Boer-Mulders function in DY-process as a function of x and k In Fig. 4 (a) , we have presented the plot of h
and have compared it with the result from light-front constituent model (LFCM) [47] . The amplitude of Boer-Mulders function is different in two models but shape of the distribution is similar. We observe that the distribution is not purely Gaussian in both the models. We shown the plot of h 
IV. EVOLUTION OF UNPOLARIZED TMD
The result of unpolarized TMD obtained in Eq. (13) is at a scale of 0.316 GeV. However, to compare the present results with the future experimental data, the unpolarised TMD needs to be evolved to higher scales. The evolution of TMD in the coordinate space (b ⊥ -space) is comparatively more convenient than that in the momentum space (k ⊥ -space).
The pion TMD evolution from initial scale to another scale in the coordinate space (b ⊥ ) can be obtained using [71] [72] [73] [74] 
Here, the Sudakov form factorS(b * ; µ b , µ) is spin independent and is considered upto next-to-leading logarithmic (NLL) approximation and at leading order in α s [75, 76] .
The nonperturbative function g K (b ⊥ ) in Eq. (20) is parametrized in quadratic form as
⊥ /2 [77] [78] [79] . In the small b region, the b−dependent TMD is perturbatively calculable but in the large b region, the dependence turns out to be nonperturbative. To obtain a complete information of perturbative and nonperturbative part, a parameter b max can be introduced and we have
In the above expression, the constant C 1 adopts a particular choice C 1 = 2e −γ E [71, 78] ,
where γ E = 0.577 is the Euler constant [80] . A b−dependent function b * is defined to In Fig. 6 , we have presented the results of unpolarized TMD as a function of k 2 ⊥ for a fixed value of x at 0.3 after evolution upto the scale Q = 1 GeV. We have performed the evolution for two different values of g. It can be clearly seen that, after evolution, the peak of the distribution shifts from k ⊥ = 0.2 GeV to k ⊥ = 0.4 GeV for g 2 = 0.09 and to k ⊥ = 0.5 for g 2 = 0.13. Also it is observed that the width of the unpolarized TMD at initial scale Q 0 = 0.316 GeV broadens to the scale Q = 1 GeV after evolution. The broadening of distribution further depends on the value of g 2 . The possible explanation for the broadening of the peak can be the nonperturbative component of TMD evolution which introduces a component of gluon radiation and is responsible for the broadening of distribution.
V. SUMMARY AND CONCLUSIONS
In this paper, we have studied the transverse momentum dependent parton distribution functions of pion at leading twist. We have obtained the unpolarized parton distribution function f 1π (x, k ⊥ ) and Boer-Mulders function h ) is smaller than the f 1π (x, k ⊥ ) and the inequality is very well satisfied even at a large value of transverse momentum k ⊥ . The amplitude of unpolarized TMD is always greater than the amplitude of Boer-Mulders function implying that the probability of finding an unpolarized quark inside the pion is larger than the probability of the finding transversely polarized quark in the pion. We have also performed the evolution of f 1π (x, k ⊥ ) from initial model scale to higher scale. We have observed a width broadening of distribution for evolution from initial scale Q 0 = 0.316 GeV to the scale Q = 1 GeV.
The broadening of distribution depends on the value of nonperturbative parameter g 2 which introduces a component of gluon radiation.
